Abstract Absence of the fibula after harvesting to reconstruct an upper-limb segment increases loads on the donor-side tibia and thereby provides a unique opportunity to analyze the bone adaptation process in humans. We therefore quantified densitometric and morphologic changes of the donor-side tibia in three young patients (ages 8, 13, 16 years), on the basis of computed tomography (CT) examinations of both legs (one preoperatively and two postoperatively). The range of final followup was 27-43 months. Three-dimensional models of shank bones were generated from CT data and used to measure crosssectional area, diaphyseal cortical thickness, and crosssectional moment of inertia. In addition, density of the newly formed bone was evaluated. The donor-side tibia showed morphologic and density adaptation with time.
Introduction
The vascularized fibula graft (VFG) is an important approach for treating long-bone defects or difficult nonunions. Transplantation of the ipsilateral fibula, although not vascularized, was first used successfully by Huntington in 1905 to fill a 12.7-cm tibial defect in a 7-year-old boy [17] , but only in the mid1970s [35] was free transfer of a VFG using microvascular techniques described. Its use has increased [42] and today is used in demanding skeletal reconstructive treatments (eg, segmental bony defects [19] , osteomyelitis [43] , kyphosis [27] , or congenital tibial pseudarthrosis [39] ). It is used particularly to reconstruct massive bone defects (greater than 10 cm) after tumor excision [4, 9, 11, 16] . Donor-site morbidity has been reported as a consequence of VFG harvesting [3, 10, 25, 32, 36] but generally is considered acceptable when weighed against the potential benefits [8, 36] . However, nontraumatic fractures of the donor-side tibia are still reported although as single sporadic cases [7, 18, 20, 29, 40, 41] . These fractures could be explained in principle by excessive tibial loading One or more of the authors (MM) have received funding from the AIRC (Associazione Italana per la Ricerca sul Cancro) Foundation. Each author certifies that his or her institution has approved or waived approval for the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained.
resulting from fibula removal before complete tibia adaptation, as the fibula reportedly has a weightbearing function (1% to 30% of the total load) [13, 22, 34, 38] . However, the process and timing of tibial adaptation to changes in the biomechanical environment in humans is not completely understood.
Despite the fact that several studies qualitatively described evolution of the donor-side leg after VFG [1, 3, 10, 25, 32, 36] , these did not quantitatively describe adaptation of the donor-side tibia. Questionnaire results [1, 3, 30, 36] , disability scales [1, 10, 25] , or gait analyses [3, 25] have been reported in some studies, and disabilities such as pain, ankle instability, and inability to run have been described [1, 3, 10, 18, 25, 30, 32, 36] . Other studies have attempted quantitative analyses of long-term side effects based on radiographs [2, 10, 14, 28, 30] . Most of these studies, however, focused on ankle deformities [2, 10, 28, 30] , and only one described thickening of the tibial lateral cortex [14] . In contrast, experimental studies performed on animals have reported quantitative analyses of radius adaptation after ulna resection for pigs [15] and sheep [23, 26] . Histomorphometric measurements, second moment of inertia calculations [23] , and bone density adaptation [26] were reported. All studies consistently concluded the donor-side radius adapted within 12 to 50 weeks after ulna harvesting. Strain measurements performed either in vitro [26] or in vivo [23] showed strain levels recovered values similar to or smaller than those recorded in the intact condition. These animal studies suggest the donor-side tibia can fully adapt and recover the mechanical strength of the original complex, but results of the studies cannot be applied directly for humans. When VFG is used to reconstruct an upper-limb segment, the primary alteration induced in the lower limbs is increased load on the donorside tibia. This provides a unique opportunity to analyze the bone adaptation process to altered biomechanical conditions in humans.
Our aim therefore was to quantify donor-side tibia adaptation after VFG harvesting to confirm whether the adaptation seen in animals is true in humans. We specifically compared in the tibia on the donor side with its contralateral control, the (1) cross-sectional area (CSA), (2) cortical thickness, (3) cross-sectional moment of inertia (CSMI) and principal axes orientations, and (4) mineral density of the new-formed bone.
Materials and Methods
We identified three patients who underwent VFG for intercalary humerus reconstruction from among the six available patients who underwent surgery during the previous 4 years when the study began and who had complete CT examinations. These patients provided informed consent and were enrolled in the study. No patient was affected by any musculoskeletal disorder or deformity of the lower limbs. For all patients, a major intercalary portion of the fibula, contralateral to the reconstructed humerus, was harvested and no screw was used to stabilize the ankles. The patients were two boys (Patients A and B) and one girl (Patient C) aged 8, 13, and 16 years, respectively, at the time of surgery; the diagnoses were Ewing's sarcoma (Patients A and C) and osteosarcoma (Patient B) ( Table 1) . Measures were taken preoperatively and at two followups in these three patients: the minimum first followup was 9 months (mean, 12 months; range, 9-14 months) and the minimum second followup was 27 months (mean, 33 months; range, 27-43 months).
Each patient had preoperative CT (CT1) at the shank level and two equivalent CT examinations (CT2 and CT3) during followup approximately 1 and 2 years after surgery, respectively (Fig. 1) ; CT examinations were performed with a General Electric High Speed Advantage CT scanner (General Electric Corp, Fairfield, CT) ( Table 2) . Patients wore a cast on the donor-side leg for 3 weeks after surgery, and load-bearing was allowed incrementally during the next 2 weeks. After this period, all patients were allowed full load-bearing. Three transverse sections at the level of the harvested fibula were identified for each patient and replicated in all three CT data sets. Measurements of morphologic features of bone and density were performed on these corresponding sections. We first created three-dimensional (3-D) models of the shank bone segments for both limbs from each CT data set using semiautomatic segmentation software (Amira 1 v 4.1; Mercury Computer Systems, Inc, Chelmsford, MA) (Fig. 2) .
To create a shank reference axis, we identified four anatomic landmarks on each 3-D model through virtual palpation [33] using DataManagerÓ [37] software: tibial tuberosity (TT), head of fibula (HF), lateral malleolus (LM), and medial malleolus (MM). The reference axes were created using the identified landmarks according to the method described by Cappozzo et al. [5] : the origin was located at the midpoint between the malleoli (MM and LM); the vertical axis (y) was defined by the intersection of the quasifrontal plane (LM, MM, HF) and quasisagittal plane (midpoint between the malleoli, TT and orthogonal to quasifrontal plane). The z axis lay in the quasifrontal plane and the x axis was orthogonal to the yz plane ( Fig. 2 ).
On the preoperative CT scans, we divided the fibula length (distance from the head of the fibula to lateral malleolus) into six segments, and three midpoints (proximal, intermediate, distal) were identified in each bone model (Fig. 2) . The corresponding sections in each CT data set were identified for both limbs. In all but one patient (most distal section of Patient B), these sections corresponded to the portion of the harvested fibula. This procedure allowed identification of the corresponding sections in the tibia, taking into consideration patient growth during followup.
We measured bone CSAs on the three sections using the UGS CAD software (v 5.0; Siemens Product Lifecycle Management Software, Inc, Plano, TX).
The CSA of the tibia (tibiaCSA), fibula (fibulaCSA), and total bone (totalCSA = tibiaCSA + fibulaCSA) were calculated for each section for both limbs. The difference between the tibiaCSA at the followups and the tibiaCSA during the preoperative examination was calculated, averaged over the three sections, and reported as a percentage of the preoperative value. To distinguish adaptive bone remodeling from physiologic bone growth, the ratio between the donor-side tibiaCSA and the contralateral side was computed and averaged over the three sections.
To measure the tibial cortical thickness in a reproducible way, all cross sections were divided into 12 angular sectors (30°wide) starting from the direction of the segment that joins the tibia and fibula centroids (Fig. 2) . In the event of a missing fibula, the direction of the first segment was recovered, using, as a reference, the anatomic reference system of the segment and reproducing the angle between the x axis and the segment joining the two centroids calculated in the preoperative model. Finally, measurement of cortical thickness was calculated for each angular sector, averaged for the three sections, and reported as a percentage.
To assess the ability of the bone to resist bending, we calculated, for each 3-D model, the maximum and minimum CSMI of the tibia-fibula complex (I xx , I yy ) and the tibia alone (I x 0 x 0, I y 0 y 0 ) (Fig. 2) on the three sections using UGS CAD software and then averaged. We also performed an analysis of orientation of the principal axes. The angle between the principal axis of the cross-sectional geometry and the mediolateral anatomic axis (z) was measured. The angle between the z-axis and the principal axis (xx) of the tibia-fibula complex was named a; the angle between the z-axis and the principal axis of the tibia alone (x 0 x 0 ) was named a 0 . Rotation of the principal axis of the tibia alone (x 0 x 0 ) during followup was measured and compared with the same measurement performed in the contralateral tibia.
All CT data sets were calibrated with the European Spine Phantom [21] to derive mineral density values from Hounsfield units (HU). The profile of HU for the tibia of the donor-side leg along the direction joining the tibia and fibula centroids, Direction 7, was analyzed using OSIRIS software (v 4.19; University Hospital of Geneva, Geneva, Switzerland). To distinguish newly formed from existing bone, we assumed all new bone lay on the periosteal side. This assumption is supported partially by published results for animals [23] and by preliminary measurements performed on the CSA of the endosteal canal that in no case showed a reduction. Each measurement was repeated three times and average values are reported.
The differences in mineral density values among the newly formed bone, preexisting tibial cortical bone in the donor side, and cortical bone in the contralateral tibia were determined by an analysis of variance test performed on the distributions of the measured density values (Scheffe post hoc test).
In Patient B, the morphologic measurements were repeated on nine equally spaced cross sections to test if the results could be influenced by the number of midpoints considered. A nonparametric Kolmogorov-Smirnov test was performed to ascertain nonsignificant differences (p [ 0.05 in all cases). Because of the substantial effort needed to perform and analyze all measurements, only the three midpoints were considered in the other two patients. The results therefore were relative to measurements obtained for the three corresponding cross sections in all patients.
Results
All parameters showed the donor-side tibia remodeled after VFG. The effect of fibula osteotomy was consistent in all three patients: the tibiaCSA of the donor-side leg grew substantially more than that of the contralateral leg (Fig. 3  A) . Only In Patient B did the contralateral tibia show a cross section reduction at the first followup. At the last followup, the donor-side tibiaCSA was on average 32% greater than the contralateral side for all patients. The measurements of total bone area showed the total CSAs of both limbs were essentially equal at the time of surgery, and at the last followup, the newly formed bone in the donor-side tibia was almost equal to the area of the harvested fibula (Fig. 3B) . In Patient A, the youngest patient, the tibiaCSA exceeded the contralateral totalCSA at the last followup. In addition, it was calculated the fibulaCSA represented 21% ± 2% of totalCSA in all preoperative CT data sets.
For all patients, measurements of cortical thickness in radial directions showed the newly formed bone in the donor-side tibia was deposited predominantly at the level of the interosseous space (Directions 6 and 8) (Figs. 4, 5 ). This pattern, already present at the first followup, became more evident by last followup. More limited but evident growth was recorded in the diametrically opposite direction (Directions 12, 1-2). A loss of cortical bone was registered in the anterior direction (Direction 4). The increase of the cortical bone thickness of the contralateral tibia was almost uniform in all directions.
For all patients, the maximum and minimum CSMI of the donor-side tibia increased more than those of the contralateral tibia during followup ( Table 3 ). The maximum moment at the last followup was on average 27% greater than that in the contralateral tibia, whereas the minimum moment was on average 65% greater than the corresponding contralateral one. In no case, however, did the CSMI of the donor-side tibia reach values comparable to the CSMI of the contralateral tibia-fibula complex. Even after 3 years, the principal moments of inertia were not reequilibrated between the two legs. The adapted tibia managed to recover, on average, the minimum CSMI (81% of the contralateral complex) but could not compensate on the other direction because the maximum CSMI reached, on average, only 22% of the contralateral value. Immediately after fibula harvesting, the angle between the principal axis and the mediolateral direction changed 90°, 72°, and 75°for Patients A, B, and C, respectively. During followup, as a result of the tibia adaptation, the principal axis of inertia rotated toward the preoperative direction ( Fig. 6 ). In none of the three patients was the original direction fully recovered; the differences between the original I xx axis and the I x 0 x 0 axis at the last followup were 44°, 34°, and 60°for Patients A, B, and C, respectively. The direction of the principal axis in the contralateral tibiafibula complex and in the tibia alone did not adapt during this time (Fig. 6) .
The density of the newly formed bone was less than the average cortical density in the same bone and in the intact contralateral bone, but it increased between the first and second followups (Fig. 7) . At the second followup, the percentage differences between mean density values of newly formed bone and contralateral bone were 10%, 3%, and 7% for Patients A, B, and C, respectively. At both followups for Patient A, the cortical bone of the donor-side tibia showed a lower density than the contralateral tibia. The newly formed bone density at the last followup was still less than the density of the contralateral tibia cortical bone for all patients.
Discussion
The process and timing of adaptation of bones in humans is not well understood quantitatively. Absence of the fibula after harvesting for reconstruction elsewhere increases loads on the donor-side tibia and thereby provides a unique opportunity to study bone adaptation in humans. Therefore, we quantitatively evaluated the adaptation process of the tibia in humans having an absent fibula. We specifically compared the (1) CSA, (2) cortical thickness, (3) CSMI and principal axes orientations, and (4) mineral density of the new-formed bone of the donor-side tibia with those of the contralateral tibia.
The major limitation of our study is the limited number of patients. Only three patients of differing ages were considered. We believe this does not invalidate the conclusions given the consistent behavior among all subjects. The majority of patients undergoing VFG were not eligible for this study because the harvested fibula was used to reconstruct a lower limb bone. In those cases, the simultaneous presence of two major alterations of the skeletal structure would prevent isolation of the VFG harvesting effects. It is possible even reconstruction of an upper limb segment might introduce asymmetries in gait patterns that could influence the adaptive response of the tibia. However, this appears an unavoidable but still minor effect that can be ignored. Another limitation concerns the impossibility to assess whether the adaptive remodeling process was completed at the last followup. With only two postoperative examinations, we could not assess whether a stable condition was reached. A final limitation is all patients underwent chemotherapy as a result of their disease and this may have influenced the time needed for the adaptation process. However, even if the absolute adaptive remodeling rate were influenced [12] , chemotherapy affects both limbs equally; therefore, the comparison between the adaptation of the donor-side tibia and the contralateral tibia is valid. The adaptation in terms of amount and location of new bone formation was consistent for all patients. After VFG the donor-side tibia adapted in terms of morphologic features and density. Approximately 2 years after surgery, the CSA of the donor-side tibia was almost equal to the total CSA of the contralateral tibia-fibula complex. The location of new bone deposition was asymmetric and predominantly directed toward the missing fibula. This altered cross-sectional morphology reflected a change of the tibia CSMI and orientation of principal axes. The second moment of area grew more in the donor-side tibia than in the contralateral tibia and the principal axes rotated toward the direction of the preoperative axes. Newly formed bone in all patients had a mineral density increase through followup, but only for Patient B with the longest followup did the density reach a value comparable to the contralateral cortical one (97%). This suggests that in Patient B, the process of recovering normal cortical bone density was almost completed, whereas further adaptation can be expected for the other two patients given the shorter followup times. In Patient A, the youngest, the adaptive response was more rapid and evident. This may be related to young age and to a chemotherapy protocol that did not require postoperative treatment. In Patient B, a reduction of the tibia CSA of the intact leg was recorded at the first followup. This behavior, different from that of the other two patients, may be the result of the specific chemotherapy protocol used to treat osteosarcoma.
In the only study analyzing the morphologic adaptation of the donor-side tibia in humans [14] , thickening on the lateral aspect was observed. This is consistent with our results because the newly formed bone in the interosseous space would appear predominantly on the lateral aspect of the tibia when imaged with planar radiography. Our results are consistent with those seen in animal studies [15, 23, 26] where radius adaptation completely compensated the CSA lost by removal of the ulna and occurred mostly toward the former interosseous space. Similar to our findings, two studies [15, 23] showed the newly formed bone was deposited predominantly at the periosteal aspect of the radius. This is partially in contrast with the substantial endosteal bone apposition described by Lee and Taylor [26] . The only density evaluation was performed by Lee and Taylor [26] , who reported the newly formed bone recovered values typical of mature cortical bone in 24 weeks. We found a similar trend, although a direct comparison of the mineralization rate cannot be performed owing to the different bone metabolism among species. Our data suggest 3½ years may be required before the mineralization process is complete. Fig. 6 A graph shows, for each patient, the principal axis angle evolution for the cross-sectional geometry of the tibia-fibula complex (a-angle) and for the tibia alone (a 0 -angle) toward the mediolateral anatomic axis (z). The thin gray lines represent the evolution of the contralateral a-angle; the thick black lines represent the evolution of the contralateral a 0 -angle. The thin black lines represent the evolution of the donor-side a 0 -angle. The empty black marks on the y-axis represent the values of a before fibula excision.
Volume
The fibula has a weightbearing function and therefore, removal of a VFG increases tibia load levels. The donorside tibia reacted with a positive adaptation to the absence of the ipsilateral fibula, suggesting it could be able to recover the weightbearing competency of the normal tibiafibula complex, at least in growing patients. To confirm this and therefore derive direct indications for the rehabilitation program, we must know the magnitude and distribution of loads acting on the tibia-fibula complex during motion, but these still are unclear. A few in vitro studies [13, 22, 34, 38] suggest under physiologic loads, the tibia and fibula are loaded principally in compression with the fibula bearing between 1% to 30% of the total load, which is consistent with the fibulaCSA/totalCSA ratio we measured. However, these studies could not account for muscle forces. Several studies attempted to measure in vivo deformation of the tibia during motion [6, 24, 31] , but data were obtained for a limited number of points and not for the tibia and fibula together.
Our data corroborate the hypothesis that the tibia can recover the mechanical features of the original complex. The CSA of the donor-side tibia compensated the area lost after fibula harvesting in all patients. Therefore, the ability to sustain axial loads, which seem predominant, would be fully recovered once the density recovery process was completed. This is consistent with the fact that all spontaneous fractures reported in the donor-side tibia [7, 18, 20, 29, 40, 41] were in mature patients (31-82 years of age) and at a short time after surgery (1-16 months), when the adaptive remodeling of the tibia likely was deficient or incomplete. Care should be taken in concluding that axial load is the predominant loading condition because newly formed bone showed marked asymmetry, suggesting the contemporary presence of a bending load. This may be the result of the eccentricity of the knee reaction with respect to the resisting tibia cross section as a consequence of the fibula harvesting. However, it also could be the result of a bending moment generated by the muscles' action. More likely, the real condition is a combination of the two, but the measurements we performed cannot make these distinctions.
Our data show harvesting a substantial segment of the fibular diaphysis induces, in growing patients, an adaptive bone remodeling of the tibia that seems to compensate for the induced biomechanical impairment. Our results confirm prior observations in animal studies, and establish a time frame during which bone adaptation can occur.
